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In order to study the stoichiometry of monoclonal antibody (MAb) neutralization of T-cell line-adapted
human immunodeficiency virus type 1 (HIV-1) in antibody excess and under equilibrium conditions, we
exploited the ability of HIV-1 to generate mixed oligomers when different env genes are coexpressed. By the
coexpression of Env glycoproteins that either can or cannot bind a neutralizing MAb in an env transcomple-
mentation assay, virions were generated in which the proportion of MAb binding sites could be regulated. As
the proportion of MAb binding sites in Env chimeric virus increased, MAb neutralization gradually increased.
Virus neutralization by virion aggregation was minimal, as MAb binding to HIV-1 Env did not interfere with
an AMLV Env-mediated infection by HIV-1(AMLV/HIV-1) pseudotypes of CD42 HEK293 cells. MAb neutral-
ization of chimeric virions could be described as a third-order function of the proportion of Env antigen
refractory to MAb binding. This scenario is consistent with the Env oligomer constituting the minimal
functional unit and neutralization occurring incrementally as each Env oligomer binds MAb. Alternatively, the
data could be fit to a sigmoid function. Thus, these data could not exclude the existence of a threshold for
neutralization. However, results from MAb neutralization of chimeric virus containing wild-type Env and Env
defective in CD4 binding was readily explained by a model of incremental MAb neutralization. In summary, the
data indicate that MAb neutralization of T-cell line-adapted HIV-1 is incremental rather than all or none and
that each MAb binding an Env oligomer reduces the likelihood of infection.

The prospects of developing an effective vaccine based on
humoral immunity against a viral infection may depend on the
stoichiometry of antibody-mediated virus neutralization. For
poliovirus, for which an antibody-inducing vaccine is protec-
tive, it has been reported that virus neutralization can be ac-
complished by the binding of four monoclonal antibodies
(MAbs) to a virion (16). In this case, virus capsid can exist in
two different conformations—infectious and noninfectious—
with different electrophoretic behavior, and bivalent binding of
a single or few antibodies locks the conformation of the capsid
in the noninfectious conformation (12, 20). Similarly, adeno-
virus, for which humoral immunity is highly protective, may be
neutralized by the binding of a single antihexon antibody mol-
ecule (39). Binding of antihexon antibodies seems to block a
conformational change normally induced in an acidic environ-
ment (39). In the case of human immunodeficiency virus
(HIV), subunit vaccines only inefficiently elicit neutralizing
antibodies (21) and have shown limited protection in vaccina-
tion trials (1a, 5). If HIV proves inherently difficult to neutral-
ize compared to other viruses for which effective vaccines are
available, this could help explain the relative failure of HIV
subunit vaccine candidates and provide a scientific foundation
to evaluate antibody-based strategies for HIV vaccine devel-
opment.

The envelope glycoprotein (Env) of HIV promotes attach-
ment and fusion with permissive cells and is a target for virus-
neutralizing antibodies. The Env glycoprotein is synthesized as
a precursor, gp160, which oligomerizes upon folding within the
endoplasmic reticulum (ER) (11) and is subsequently proteo-
lytically cleaved in Golgi to gp120, the surface protein of HIV

type 1 (HIV-1), and to gp41, the transmembrane protein of
HIV-1. The assembly domain responsible for Env oligomer-
ization is located in extracellular gp41 (10). This domain is
functionally conserved among HIV and simian immunodefi-
ciency virus (SIV) strains; thus, HIV-1 is capable of forming
mixed Env oligomers with HIV-2 and SIV when coexpressed in
the same cells (7). Structural data on gp41 strongly suggest that
HIV Envelope oligomers are trimeric (3, 38). The formation of
mixed oligomers between related Env species probably occur
by the random recruitment of monomeric subunits from a
common pool in the ER, as has been shown for the formation
of mixed influenza hemagglutinin trimers (2).

Antibody neutralization of animal viruses has often been
studied by determining the kinetics of antibody neutralization
(16, 22, 36, 39), and the presence of first-order kinetics without
a lag phase has often been interpreted as an indication of the
presence of a single-hit mechanism of action of antibody neu-
tralization (8). An initial lag phase indicating a multihit mech-
anism of neutralization may, however, be obscured by the
rapidity of the antigen-antibody reaction (6, 8). Thus, compli-
cated determination of the amount of antibody bound per
virion is often necessary (16, 36, 39). For antihexon antibody-
neutralizing adenovirus, a single bound antibody results in
neutralization (39). In other cases, discrepancies between ap-
parent first-order kinetics of neutralization and the amount of
antibody bound to virus to accomplish neutralization have
been explained by the hypothesis that only a minority of the
antibody-binding sites are critical for neutralization (16, 36).
First-order kinetics of MAb neutralization of HIV-1 have been
demonstrated (22). However, as pointed out by Icenogle et al.,
(16), in addition to a single-hit action of the neutralizing anti-
body, neutralization kinetics that approximate first order may
also be explained by incremental neutralization, i.e., each an-
tibody binding decreases the infectivity of the virion by a frac-
tion. In an effort to determine which of these two different
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mechanisms of MAb neutralization is correct, we exploited the
ability of HIV-1 to generate mixed Env oligomers when dif-
ferent envelope genes are expressed within the same cell. By
the coexpression of two envelope genes encoding Env proteins
either binding or resistant to binding of a neutralizing MAb in
an Envelope transcomplementation assay (15), virions were
generated in which the proportion of MAb binding sites to
Envelope protein present could be regulated. Thus, the
amount of antibody bound to virus could be controlled in
mixtures of virus and excess antibody under equilibrium con-
ditions. By the study of the sensitivity to MAb neutralization of
such virions, the amount of antibody binding to Envelope re-
quired for neutralization may be determined and different the-
ories regarding antibody neutralization can be experimentally
addressed.

MATERIALS AND METHODS

HIV expression vectors. pSVIIIenv, which expresses rev and env under control
of HIV-1 long terminal repeat, and pHxBDenvCAT, an env-defective HIV-
expression vector containing a chloramphenicol acetyltransferase (CAT) gene in
the nef open reading frame of HIV-1, were kindly donated by Joseph Sodroski
(15). The following plasmids were derived from pSVIIIenv by the substitution of
a 2.1-kb KpnI-BamHI fragment with a corresponding fragment of BRU env:
pSV-A308, pSV-A308T321, and pSV-A308K373. pSV-A308 contains a T308A
mutation within the V3 region of gp120, disrupting a site for N-linked glycosyl-
ation at position 306 (14); pSV-A308T321 contains an additional A321T muta-
tion at the tip of the V3 loop, rendering A308T321 gp120 resistant to MAb
binding in this region (31). pSV-A308K373 contains in addition to the T308A
mutation a D373K mutation, which renders A308K373 gp120 defective in CD4
binding (25). An env-defective derivative of pSVIIIenv, pSV-dBgl, containing an
580-bp out-of-frame deletion within the env gene, was used as a mock plasmid to
determine background CAT activity in the neutralization assay.

A plasmid expressing envelope of amphotropic murine leukemia virus
(AMLV), pSV-aMLVenv, was kindly donated by A. Panganiban.

Antibody affinity determination by enzyme-linked immunosorbent assay
(ELISA). This was done by using the method of Moore et al. (23) exactly as
previously described (31).

Virus generated by env trans-complementation. HIV-1 Env chimeric virus was
generated by cotransfecting HEK293 cells (13) with mixtures of env-expressing
plasmids and pHxBDenvCAT. Briefly, 293 cells were seeded in 6-well microcul-
ture plates (NUNC) the day before transfection at a density of 5 3 105 cells per
well. Cells were then transfected with 4 mg of env-expressing plasmid and 5 mg of
pHxBDenvCAT by the calcium phosphate precipitation method. Twenty-four
hours posttransfection culture medium was changed, and after an additional
48 h, the virus-containing supernatant was harvested and cleared by filtration
(0.45-mm-pore-size filter).

For the generation of HIV-1 pseudotypes incorporating (AMLV), COS-1 cells
were cotransfected with pHxBDenvCAT, pSV-A308, and pSV-aMLVenv by li-
pofection with Lipofectamin Plus reagent (Gibco) according to the instructions
of the manufacturer.

Virus neutralization assay. HeLa-CD4 clone 1022 cells (4) were plated the day
before inoculation in 24-well microtiter plates (NUNC) at a density of 105 cells
per well. Virus containing supernatants produced by envelope transcomplemen-
tation were divided in two aliquots and incubated for 30 min at room tempera-
ture either in the absence or presence of 2 mg of V3-directed MAb NEA-9205
(Dupont NEN)/ml (9) before being transferred to the HeLa-CD4 cells. Medium
was changed 24 h postinoculation, and the cells were incubated an additional
48 h. Then cells were washed once in PBS and lysed in 300 ml of Reporter Lysis
buffer (Promega) and assayed for CAT expression as previously described (19).
Assay background was determined from a pSV-dBgl-complemented supernatant
processed in parallel.

Only freshly prepared virus supernatants were used for the neutralization
assay, as preparations of chimeric virus that had undergone freezing and thawing
proved more sensitive to neutralization than freshly prepared supernatants.

Western blot analysis of HIV-1 Envelope expression. For the analysis of HIV-1
expression, 293 cells were transfected as described above. Three days posttrans-
fection, the supernatant was harvested and cleared by filtration (0.45-mm-pore-
size filter). The cells were washed once in phosphate-buffered saline and then
lysed in 300 ml of cold lysis buffer (1% Triton X-100, 100 mM NaCl, 20 mM
Tris-HCl (pH 8.0), 1 mM EDTA, 0.1% albumin, 100 IU of aprotinin/ml. Insol-
uble material was cleared from the cell lysates by centrifugation.

Virions present in the supernatants harvested were separated from soluble
protein by centrifugation (15,000 3 g for 90 min; 4°C) as previously described
(30). An infectious HIV-A308-containing supernatant propagated in H9 cells
and generated as previously described (14) was processed in parallel. Virion
pellets were prepared from 600 ml of supernatant generated by envelope

transcomplementation and from 300 ml of virus supernatant propagated in H9
cells.

Virion pellets were lysed in 13 Novex LDS sample buffer containing 13
reducing agent (Novex). Cell lysates and virion-depleted supernatants were ad-
justed to contain 13 LDS sample buffer and reducing agent before all samples
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on
precast 4 to 12% Bis-Tris gels (Novex) and subsequently transferred to polyvi-
nylidene difluoride membranes. Env proteins were detected with both P4D10
(kindly donated by L. Åkerblom) (1) and gp-serum B, a guinea pig immune
serum (kindly donated by A. Bolmstedt) raised against recombinant HIV-BRU
gp120 and previously described in detail (31). Gag proteins were detected by
using BC1071, a mouse anti-p24 MAb commercially available from Aalto BioRe-
agents. Binding of primary antibody was detected by chemiluminescence with the
WesternBreeze Mouse chemiluminescence detection kit (Novex) according to
the instructions of the manufacturer, except that the secondary antibody solution
for detection of guinea pig immunoglobulin (Ig) was added a 1:2,000 dilution of
an alkaline phosphatase-conjugated anti-guinea pig Ig antibody (Sigma A-5062).

Mathematical analysis. Data from neutralization of chimeric virions were
analyzed by nonlinear regression with Prism software, version 2.01 from Graph-
Pad. For analysis, each value of V/V0 was treated as a separate replicate. The
functions that were fit to the experimental data are described in the text. The
applicability of each function fit to the experimental data was evaluated by
calculating R2 and using the runs test for goodness-of-fit.

RESULTS

MAb binding to A308 and A308T321 Envelopes. Variants of
HIV-BRU lacking the N306-glycan at the base of V3 loop, as
HIV-A308, are efficiently neutralized by a V3-directed MAb
(for HIV-A308, the 50% inhibitory concentration [IC50] 5
0.0043 mg/ml) (14, 30). Accordingly, the V3 loop of virion-
associated A308-Envelope is readily accessible to MAbs, in
contrast to virion-associated Envelope containing the N306-
glycan (30). A MAb-selected variant of HIV-A308, HIV-
A308T321, totally resists neutralization by NEA-9205 (IC50 .
5 mg/ml) (31). This variant also lacks the N306-glycan shielding
the V3 loop on virion-associated Envelope. To determine
whether neutralization resistance of HIV-A308T321 was ac-
companied by a resistance to MAb binding, ELISA affinity
determinations of NEA-9205 binding to HIV-A308 and HIV-
A308T321 gp120 were done (Fig. 1). This showed that
A308T321 gp120 did not bind NEA-9205 at concentrations up
to 2.5 mg/ml. In contrast, A308-gp120 bound NEA-9205 with
high affinity. Thus, chimeric virions generated by coexpression
of A308 env and A308T321 env may be expected to bind NEA-
9205 in proportion to their A308 Envelope content.

Coexpression of envelope genes. To determine the ratio be-
tween A308 and A308T321 Envelope when env genes were
coexpressed, pSVIII-A308 and pSVIII-A308T321 and an equal
mixture of the two were cotransfected with pHxbDCat in
HEK293 cells. Virions present in the cell supernatant were
gently pelleted by centrifugation, and cell lysates, virion-de-
pleted supernatants, and virion pellets were subjected to im-
munoblotting by using MAb P4D10 and immune guinea pig
serum B (gp-serum B) raised against HIV-BRU gp120 as pre-
viously described (31). As seen in Fig. 2, MAb P4D10 was
specific for A308 Envelope and unreactive with A308T321
Envelope. In contrast, gp-serum B displays equally high affin-
ities for native A308- and A308T321 Envelope (31) and is
reactive with both Envelopes by an immunoblotting procedure
(Fig. 2). Thus, the amount of A308 Envelope expressed may be
estimated by using MAb P4D10, and the total amount of En-
velope present may be estimated by using gp-serum B. When
equal amounts of pSVIII-A308 and pSVIII-A308T321 plas-
mids were cotransfected, the ratio between P4D10- and gp-
serum B signal in cell lysates, virion-depleted supernatants,
and virion pellets was intermediate between the ratios ob-
tained with pure pSVIII-A308 transfections and pure pSVIII-
A308T321 transfections (Fig. 2). Thus, the ratio between A308
and A308T321 Envelope proteins incorporated into virions
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could be controlled by adjusting the amounts of transfected
Envelope-expressing plasmids. Thus, by variation of the ratio
of pSV-A308 to pSV-A308T321 in the cotransfection mixture,
the proportion of MAb binding sites on virions generated by
env transcomplementation could be regulated.

To compare the composition of virions generated by env
transcomplementation with the composition of T-cell line-
adapted virus propagated in CD41 cells, a preparation of a
fully replicating clone of HIV-A308 propagated in H9 cells was
included on the blot (Fig. 2, lanes 7 and 11). As shown, virion
pellets prepared from the supernatants of infected H9 cells
contained more Env protein than did virion pellets generated

by env transcomplementation. In contrast, the virion-depleted
supernatant from HEK293 cells contained significantly more
soluble gp120 than did the supernatant from H9 cells. Signif-
icantly more gp160 than gp120 was pelleted from HEK293-
generated supernatants than from supernatants generated
from H9 cells. Whether gp160 is incorporated into the virions
or is present in cellular vesicles pelleted during centrifugation
is presently unknown. The increased levels of soluble gp120
and pelleted gp160 in preparations generated from env-
transcomplemented HEK293 cells compared to HIV-infected
H9 cells may reflect an increase in Env to Gag expression in
env-transcomplemented cells compared to HIV-infected cells.
However, this issue is not addressed in Fig. 2. To assess the
number of virions present in each preparation of pelleted viri-
ons, the blot was reprobed with MAb BC1071 specific for p24.
Although the loading of the blot is unbalanced, densitometric
analysis confirmed that the Env-to-Gag ratio on virions gener-
ated by env transcomplementation was not decreased com-
pared to that on virions prepared from infected H9 cells. Thus,
virions prepared by env transcomplementation may be ex-
pected to be neutralized similarly to virus propagated in CD41

cells.
Neutralization of chimeric virions. Hypotheses regarding

the nature of MAb neutralization include the neutral hypoth-
esis (each gp120 molecule contributing equally to the infectiv-
ity of the virus), the single-hit hypothesis (a single bound an-
tibody neutralizing the infectivity of the virion), the multiple-
hit/threshold hypothesis (the neutralizing of the infectivity
when a critical amount of antibody is bound to the virion), and
the complete-occupancy hypothesis (the neutralizing of the
virion when all binding sites for the antibody are occupied).
How chimeric virions in which the proportion of binding sites
for the neutralizing antibody is varied is expected to be neu-
tralized according to each of the hypothesis above is shown in
Fig. 3. As shown, if neutralization is single hit, the infectivity of

FIG. 1. Binding of NEA-9205 to immobilized gp120 from HIV-A308 and
HIV-A308T321. gp120 from HIV-A308 (solid squares) and HIV-A308T321
(open squares) was captured to a solid phase by D7324 and subsequently de-
tected with NEA-9205 (A) or serum from an HIV-infected individual (B). The
background signal, i.e., the signal obtained without antigen captured to the solid
phase, is shown for each dilution (triangles). The standard deviation of duplicate
determinations is indicated by error bars or is within the symbol. NEA-9205
bound HIV-A308 with high affinity in contrast to HIV-A308T321 gp120, which
was resistant to binding (A) when amounts of antigen isoreactive with serum
from a HIV-infected individual were loaded to the solid phase (B). OD490,
optical density at 490 nm.

FIG. 2. Coexpression of envelope-genes. HEK293 cells were transfected with
pHxBDCat and pSV-A308T321 (lanes 1, 4, and 8), -A308 (lanes 2, 5, 9) and an
equal mixture of the two (lanes 3, 6, and 10). Cell lysates (lanes 1 to 3),
virion-depleted supernatants (lanes 4 to 6), and virion pellets (lanes 8 to 10) were
prepared 72 h posttransfection and subjected to immunoblotting using as indi-
cated MAb P4D10 specific for HIV-A308 gp120, immune guinea pig serum
gp-serum B recognizing both HIV-A308 and HIV-A308T321 gp120, and MAb
BC1071 against Gag proteins as detecting reagents. For comparison, a virion-
depleted supernatant (lane 7) and a virion pellet (lane 11) derived from a fully
infectious HIV-A308 clone propagated in H9 cells were loaded onto the gel. The
expression of Envelope protein on the virion was regulated by varying the
relative proportion of pSV-A308 to pSV-T321 in the transfection mixture.
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chimeric virus is expected to be neutralized as soon as only a
few antibody binding sites remain on the virions. In contrast, if
neutralization occurs only after all binding sites are occupied,
the presence of Envelope molecules resistant to MAb binding
is expected to result in full infectivity of the virions. If neutral-
ization occurs by a multiple-hit/threshold mechanism, the ex-
pected neutralization curve will be in between the two afore-
mentioned extremes and will be characterized by a lag phase at
which the fraction of MAb binding sites reaches a critical
threshold where infectivity in the presence of MAb is affected.
If each Envelope molecule contributes equally to the infectivity
of the virion suspension, then infectivity in the presence of
MAb can be expected to change in proportion to the amount
of Envelope resistant to MAb binding present in the virions.

Neutralization of chimeric virions generated by coexpression
of pSV-A308 and pSV-A308T321 in an env transcomplemen-
tation assay was done by using NEA-9205 at a concentration of
2 mg/ml. The total amount of env-expressing plasmids was kept
constant in each transfection, whereas the fraction of pSV-
A308T321 was varied between 0 and 100% in increments of
10%. The fraction of virus surviving MAb neutralization as a
function of the content of pSV-A308T321 in the transfection
mixture of three independent experiments is shown in Fig. 4.
Several conclusions can be reached on the basis of this result.
First of all, as the number of binding sites for the neutralizing
MAb increased (i.e., as the amount of pSV-A308T321 trans-
fected decreased and the amount of pSV-A308 increased),
virus rapidly became susceptible to neutralization, excluding
the possibility of a complete-occupancy mechanism of MAb
neutralization. Additionally, as the available binding sites in-

creased, virus retained some infectivity that survived MAb
neutralization, rendering single-hit neutralization of virion in-
fectivity unlikely. Rather, binding of antibody to virions af-
fected infectivity quantitatively in a nonlinear manner. This
may suggest that the functional unit neutralized by MAb bind-
ing and contributing to the probability of successful infection is
smaller than the virion and larger than the gp120 molecule
itself.

Neutralization through MAb-induced aggregation of virions
was not expected to contribute significantly to the neutraliza-
tion observed, as the assay was done with excess antibodies and
the virion suspensions produced by Env transcomplementation
contained considerable amounts of shed gp120 (Fig. 2). To
fully exclude the possibility that neutralization through virion
aggregation occurred in a significant degree, pseudotypic viri-
ons containing AMLV Env and HIV-A308 Env were pro-
duced. HIV-A308 and AMLV Env cannot be expected to form
mixed oligomers. NEA-9205 significantly neutralized infection
of CD41 cells by A308/AMLV chimeric virions; however, the
antibody did not neutralize infection of CD4- HEK293 cells by
the same virus supernatant (Table 1). Thus, virion aggregation
induced by MAb binding of HIV-A308 Env did not occur to an
extent that interfered with AMLV Env function.

Neutralization was for all fractions of pSV-A308 transfected
greater than the proportion of MAb binding sites available (cf.
Fig. 3 and 4). The fact that MAb neutralization was progressive
relative to MAb binding suggested that the functional infec-
tious unit of the virion was larger than the Envelope molecule
itself. At the concentration of MAb employed, a small fraction
of a pure pSV-A308-complemented virus preparation re-
mained unneutralized. To obtain a more precise description of
the relationship between the proportion of Envelope antigen

FIG. 3. Stoichiometry of MAb neutralization. The level of infectivity ex-
pected to survive MAb neutralization under different assumptions for the stoi-
chiometry of MAb neutralization is shown as a function of the proportion of
antigen (Ag) unbound by MAb. If each gp120 molecule contributes equally to
the infectivity of the virion, the infectivity of the surviving MAb neutralization
can be expected to be linearly dependent on the proportion of Ag unbound by
MAb (triangles). If a single MAb bound to a virion neutralizes the virion,
infectivity surviving neutralization can be expected to decrease abruptly as some
antigen is bound by MAb (diamonds). If all available sites are occupied by MAb
before the virion is neutralized, infectivity is unaffected by MAb binding until a
large proportion of Ag is occupied (crosses). If neutralization occurs through
MAb binding by multiple antibodies reaching the threshold required for neu-
tralization, infectivity surviving neutralization can be expected to decrease
abruptly when the threshold has been exceeded (squares).

FIG. 4. Neutralization of Env chimeric virions. Virus supernatants produced
by env transcomplementation with A308-env and A308T321-env were neutralized
by using NEA-9205 at 2 mg/ml. Infectivity surviving neutralization (V/V0) is
shown as a function of the amount of antigen (Ag) unbound by MAb present, i.e.,
the proportion of A308T321 used for env transcomplementation. The results of
three independent experiments are shown (filled circles). Nonlinear regression
was performed, fitting the experimental data either to a third-order power func-
tion (open triangles; equation 2 in the text) or to a sigmoid function (open
squares; equation 3 in the text). The functions fit the experimental data with
comparable accuracy.
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resistant to MAb binding and infectivity surviving MAb neu-
tralization, nonlinear regression analysis was performed. In the
experiments reported, infectivity remaining after neutraliza-
tion of pSV-A308T321-complemented virus was, on average,
1.37. This apparent enhancement was not reproduced in fur-
ther experiments with a dilution series of the MAb (data not
shown) and was not previously observed with the same MAb
and virions produced in H9 cells (31). Additionally, at the
MAb concentration used in the present study, we were unable
to demonstrate specific binding of the MAb to A308T321
gp120 (Fig. 1). For these reasons, nonlinear regression analysis
was performed by using a theoretical value of maximum infec-
tivity surviving neutralization on 1.0 and allowing for the exis-
tence of an unneutralized fraction. Initial analysis suggested
that the experimental data could be fit to a power function as
follows:

V/V0 5 ~1 2 Uf! 3 ~Agres!
n 1 Uf (1)

where V/V0 is infectivity surviving neutralization, Agres is the
proportion of Envelope antigen resistant to MAb binding, and
Uf is the unneutralized fraction. Nonlinear regression was per-
formed to obtain an estimate of the exponent n. The best fit
was obtained for n 5 3.13 (60.68) (mean 6 standard devia-
tion). If the assembly of Env oligomers is based on random
recruitment from a common pool of subunits, then the term
(Agres)

3 signifies the proportion of Env trimers consisting ex-
clusively of A308T321 Ag and, therefore, the proportion of
Env trimers incapable of binding the neutralizing MAb. Re-
gression analysis was therefore redone for n 5 3, and the
following equation was obtained:

V/V0 5 ~1 2 0.04! 3 (Agres)3 1 0.04 ~R2 5 0.8031! (2)

This equation, shown in Fig. 4 (triangles), underscores the
cooperativity of MAb neutralization and is fully compatible
with a model of the Envelope oligomer as the minimal func-
tional unit neutralized by MAb binding. This model did not
differ significantly from the experimental data as evaluated by
the runs test (P 5 0.46).

The apparent absence of a lag phase before the beginning of
neutralization seems to argue against a multiple-hit/threshold
model for neutralization. For a more stringent test of this
hypothesis, the experimental data were fit to a sigmoid curve.
A maximum V/V0 of 1.0 yields the following fit:

V/V0 5 0.08 1 0.92/~1 1 e14.1~0.78-Agres) ~R2 5 0.7736! (3)

This may be interpreted as a model for neutralization in which
the virion is neutralized when a threshold has been reached.
The threshold is defined by the value for which the exponent in
equation 3 is zero; i.e., for the best fit for Agres 5 0.78 (60.03).
Neither this model differs from the experimental data as eval-
uated by the runs test (P 5 0.41). Thus, the lack of an observ-
able critical threshold in Fig. 4 does not exclude the possibility
that MAb neutralization occurs by a multiple-hit/threshold
mechanism.

Neutralization through MAb binding to functionally defec-
tive Envelope. A previously described mutation, D373K, in
HIV-BRU gp120 disrupts CD4 binding (25) and acts as a
transdominant negative mutant (19). Virus was generated by
env transcomplementation by cotransfection of equal amounts
of pSV-A308 and pSV-A308T321, pSV-A308T321, and pSV-
A308K373 and by transfection of pSV-A308K373 alone. The
results are shown in Table 2. As expected, A308K373-Enve-
lope-complemented virus showed infectivity levels only mar-
ginally above assay background levels. The infectivity of a
A308T321/A308K373-complemented supernatant was 31% of
that of a A308T321/A308-complemented supernatant, con-
firming the transdominant negative potential of the D373K
mutation in the genetic context of the T308A mutation. More
importantly, however, MAb binding to A308K373 Envelope in
a A308K373/A308T321-complemented supernatant was neu-
tralizing, reducing the infectivity from 31 to 14% of a
A308T321/A308-complemented supernatant. This may indi-
cate that mixed A308K373/A308T321 trimers retain residual
function and that this function is neutralized by MAb binding.
The infectivity remaining after neutralization was in close
agreement with the infectivity remaining in a A308T321/A308-
complemented supernatant after neutralization (13%) which,
in turn, is close to what can be expected based on equation 2.
Furthermore, A308T321/A308K373 pseudotyped virions were
less sensitive to MAb neutralization than A308T321/A308
pseudotyped virions (53 versus 87% neutralization) (Table 2).
The reduced sensitivity of A308T321/A308K373 pseudotyped
virions compared to that of A308T321/A308 pseudotyped viri-
ons may reflect the reduced functionality of A308T321/
A308K373 mixed trimers compared to that of A308T321/A308
mixed trimers. Thus, the experimental data obtained are fully
compatible with incremental MAb neutralization and with the
occurrence of MAb neutralization through binding to a defec-
tive Env molecule by neutralization of the residual function of
the mixed trimer.

TABLE 1. Neutralization of HIV(AMLV Env/A308
Env) pseudotypes

Pseudotyped
Envelopea Target cell NEA-9205

(2 mg/ml)
CAT activityb

(103 cpm)

A308/AMLV HeLa-CD4 2 13
1 3.1

HEK293 2 2.9
1 4.5

AMLV HeLa-CD4 2 38
1 43

HEK293 2 21
1 31

A308 HeLa-CD4 2 34
1 0.9

a If more than one Envelope is indicated, virions were generated by
transcomplementation, with a 1:1 ratio of the Envelopes indicated.

b Average of duplicate wells.

TABLE 2. Neutralization of A308T321/A308K373 pseudotypes

Pseudotyped Envelopea NEA-9205
(2 mg/ml)

CAT activityb

(103 cpm) 1MAb/2MAb

A308T321/A308 2 53 6 8.7 (1.00)
1 7.0 6 0.8 (0.13) 0.13

A308T321/A308K373 2 16 6 1.0 (0.31)
1 7.5 6 0.5 (0.14) 0.46

A308K373 2 0.036 6 0.012 (0.00)

a If more than one Envelope is indicated, virions were generated by
transcomplemention with a 1:1 ratio of the Envelopes indicated.

b Average of quadruplicate wells with standard errors of the means indicated.
Values normalized to A308T321/A308-complemented supernatants in the ab-
sence of MAb are shown in parentheses.
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DISCUSSION

In the present study, we investigated the MAb neutralization
of virions generated by env complementation coexpressing a
neutralization-sensitive Envelope binding the neutralizing
MAb and a homologous, neutralization-resistant Envelope not
binding the neutralizing MAb. The results obtained support a
model for progressive, incremental MAb neutralization of the
virion as each Envelope oligomer binds a single MAb. In this
sense, each virion contains multiple Envelope oligomers whose
function can be neutralized independently of each other. Con-
versely, each Envelope oligomer may contribute independently
to the likelihood of infection. In assays determining the kinet-
ics of antibody neutralization, incremental neutralization is
expected to display apparent first-order kinetics (16). Thus,
incremental neutralization is consistent with experimental data
from previous reports demonstrating apparent first-order ki-
netics of HIV neutralization (22).

The experimental data on neutralization of chimeric viruses
(Fig. 4) did not exclude the possibility that neutralization oc-
curred by a multiple-hit/threshold mechanism with a threshold
when about 20% of the antigenic sites are occupied by MAb
and a lag phase before neutralization commences obscured by
virion heterogeneity. The definitive assessment of the applica-
bility of a threshold model awaits the development of an ex-
perimental system by which virion Env/Gag ratios can be reg-
ulated and measured.

The methodology employed in the present study and the
proposed model for incremental MAb neutralization may be
useful for studying intraoligomeric interactions. Here we show
that MAb binding to a transdominant negative Envelope mol-
ecule defective in CD4 binding may neutralize Envelope func-
tion of chimeric virions. The obvious interpretation for this in
the context of the proposed model for MAb neutralization is
that mixed oligomers containing the transdominant negative
mutant retain residual function. One implication of this inter-
pretation is that defective Envelope molecules may be able to
functionally complement each other within the oligomer. This
has been documented both for MLV (27, 40) and HIV (28).
However, these results may not be easily interpreted in the
context of a threshold hypothesis.

Whether our results can be extended to antibodies with
specificities other than V3 must be determined experimentally.
The methodology used in the present study can be easily
adapted to other Env species and to other MAbs for which
suitable escape mutants have been generated. However, most
gp120-directed MAbs may have a similar mechanism of action
when neutralizing T-cell line-adapted HIV-1. Ugolini et al.
(37) clearly demonstrated that inhibition of attachment could
account for a significant fraction of the neutralizing effect of
gp120-directed antibodies. Furthermore, in a recent study, the
ratio between virion MAb binding and neutralization was de-
termined for a panel of HIV-1-neutralizing antibodies (26).
This ratio was the same, within experimental error, for the
MAbs tested, regardless of epitope specificity. Thus, the stoi-
chiometry and mechanism of neutralization may be the same
for all gp120-specific antibodies. Although our data include
only a single MAb and a single T-cell line-adapted strain of
HIV-1, these findings suggest that the conclusions could be
extrapolated to other epitopes.

The extent to which the results may be extended to primary
isolates of HIV-1 remains uncertain. Primary isolates are gen-
erally more resistant to antibody neutralization than isolates
adapted to growth in T-cell lines (24). Furthermore, primary
isolates have a higher Env/Gag ratio (spike density) than T-cell
line-adapted isolates (34). In a mathematical model of anti-

body neutralization, it was proposed that Env spike density
could be an important modifier of sensitivity to antibody neu-
tralization if this occurred through an occupancy/threshold
mechanism, perhaps explaining the relative neutralization re-
sistance of primary isolates of HIV (18). The suggestion that
MAb neutralization is incremental does not support the role of
Env spike density as a primary modifier of neutralization sus-
ceptibility and resistance. Likewise, it was subsequently dem-
onstrated that neither increased Env spike density nor Env
stability is required for neutralization resistance of primary
isolates (17); rather, the neutralization resistance of primary
isolates can be attributed at least in part, to a lower affinity of
antibody to primary Env trimers compared with antibody to
T-cell-line-adapted Env trimers (29). An additional explana-
tion of the relative neutralization resistance of primary isolates
may be that the outcome of the interaction between primary
isolate and antibody is fundamentally different from the out-
come of the interaction between T-cell line-adapted virus and
antibody. Recent data demonstrate that some primary isolates
are activated by antibody binding rather than being neutralized
(32, 33, 35). Our results as well as the majority of work to
elucidate mechanism and stoichiometry of HIV-1 neutraliza-
tion have been done with T-cell line-adapted isolates of HIV-1
(26, 37) and should not readily be extended to primary isolates
of HIV.
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Rosen, M. Villacres-Eriksson, B. Morein, and B. Wahren. 1990. Neutralizing
cross-reactive and non-neutralizing antibodies to HIV-1 gp120. AIDS 4:953–
960.

1a.Berman, P. W., T. J. Gregory, L. Riddle, G. R. Nakamura, M. A. Champe,
J. P. Porter, F. M. Wurm, R. D. Hershberg, E. K. Cobb, and J. W. Eichberg.
1990. Protection of chimpanzees from infection by HIV-1 after vaccination
with recombinant glycoprotein gp120 but not gp160. Nature 345:622–625.

2. Boulay, F., R. W. Doms, R. G. Webster, and A. Helenius. 1988. Posttransla-
tional oligomerization and cooperative acid activation of mixed influenza
hemagglutinin trimers. J. Cell Biol. 106:629–639.

3. Chan, D. C., D. Fass, J. M. Berger, and P. S. Kim. 1997. Core structure of
gp41 from the HIV envelope glycoprotein. Cell 89:263–273.

4. Chesebro, B., K. Wehrly, J. Metcalf, and D. E. Griffin. 1991. Use of a new
CD4-positive HeLa cell clone for direct quantitation of infectious human
immunodeficiency virus from blood cells. J. Infect. Dis. 163:64–70.

5. Connor, R. I., B. T. Korber, B. S. Graham, B. H. Hahn, D. D. Ho, B. D.
Walker, A. U. Neumann, S. H. Vermund, J. Mestecky, S. Jackson, E. Fen-
amore, Y. Cao, F. Gao, S. Kalams, K. J. Kunstman, D. McDonald, N.
McWilliams, A. Trkola, J. P. Moore, and S. M. Wolinsky. 1998. Immuno-
logical and virological analyses of persons infected by human immunodefi-
ciency virus type 1 while participating in trials of recombinant gp120 subunit
vaccines. J. Virol. 72:1552–1576.

6. Della-Porta, A. J., and E. G. Westaway. 1977. A multi-hit model for the
neutralization of animal viruses. J. Gen. Virol. 38:1–19.

7. Doms, R. W., P. L. Earl, S. Chakrabarti, and B. Moss. 1990. Human immu-
nodeficiency virus types 1 and 2 and simian immunodeficiency virus env
proteins possess a functionally conserved assembly domain. J. Virol. 64:
3537–3540.

8. Dulbecco, R., M. Vogt, and A. G. R. Strickland. 1956. A study of the basic
aspects of neutralization of two animal viruses, western equine encephalitis
virus and poliomyelitis virus. Virology 2:162–205.

9. Durda, P. J., L. Bacheler, P. Clapham, A. M. Jenoski, B. Leece, T. J.
Matthews, A. McKnight, R. Pomerantz, M. Rayner, and K. J. Weinhold.
1990. HIV-1 neutralizing monoclonal antibodies induced by a synthetic pep-

VOL. 73, 1999 MAb NEUTRALIZATION OF HIV-1 8369



tide. AIDS Res. Hum. Retroviruses 6:1115–1123.
10. Earl, P. L., R. W. Doms, and B. Moss. 1990. Oligomeric structure of the

human immunodeficiency virus type 1 envelope glycoprotein. Proc. Natl.
Acad. Sci. USA 87:648–652.

11. Earl, P. L., B. Moss, and R. W. Doms. 1991. Folding, interaction with
GRP78-BiP, assembly, and transport of the human immunodeficiency virus
type 1 envelope protein. J. Virol. 65:2047–2055.

12. Emini, E. A., P. Ostapchuck, and E. Wimmer. 1983. Bivalent attachment of
antibody onto poliovirus leads to a conformational alteration and neutral-
ization. J. Virol. 48:547–550.

13. Graham, F. L., J. Smiley, W. C. Russell, and R. Nairn. 1977. Characteristics
of a human cell line transformed by human adenovirus type 5. J. Gen. Virol.
36:59–74.

14. Hansen, J.-E. S., B. Jansson, G. J. Gram, H. Clausen, J. O. Nielsen, and S.
Olofsson. 1996. Sensitivity of HIV-1 to neutralization by antibodies against
O-linked carbohydrate epitopes despite deletion of O-glycosylation signals in
the V3-loop. Arch. Virol. 141:291–300.

15. Helseth, E., M. Kowalski, D. Gabuzda, U. Olshevsky, W. Haseltine, and J.
Sodroski. 1990. Rapid complementation assays measuring replicative poten-
tial of human immunodeficiency virus type 1 glycoprotein mutants. J. Virol.
64:2416–2420.

16. Icenogle, J., H. Shiwen, G. Duke, S. Gilbert, R. Rueckert, and J. Anderegg.
1983. Neutralization of poliovirus by a monoclonal antibody: kinetics and
stoichiometry. Virology 127:412–425.

17. Karlsson, G. B., F. Gao, J. Robinson, B. Hahn, and J. Sodroski. 1996.
Increased envelope spike density and stability are not required for the
neutralization resistance of primary human immunodeficiency viruses. J. Vi-
rol. 70:6136–6142.

18. Klasse, P. J., and J. P. Moore. 1996. Quantitative model of antibody- and
soluble CD4-mediated neutralization of primary isolates and T-cell line-
adapted strains of human immunodeficiency virus type 1. J. Virol. 70:3668–
3677.

19. Lund, O. S., B. Losman, K. Schønning, A. Bolmstedt, S. Olofsson, and
J.-E. S. Hansen. 1998. Inhibition of HIV-1 infectivity by co-expression of a
wild-type and a defective gp120. AIDS Res. Hum. Retroviruses 14:1445–
1450.

20. Mandel, B. 1976. Neutralization of poliovirus: a hypothesis to explain the
mechanism and the one-hit character of the neutralization reaction. Virology
69:500–510.

21. Mascola, J. R., S. W. Snyder, O. S. Weislow, S. M. Belay, R. B. Belshe, D. H.
Schwartz, M. L. Clements, R. Dolin, B. S. Graham, G. J. Gorse, M. C.
Keefer, M. J. McElrath, M. C. Walker, K. F. Wagner, J. G. McNeil, F. E.
McCutchan, and D. S. Burke. 1996. Immunization with Envelope subunit
vaccine products elicits neutralizing antibodies against laboratory-adapted
but not primary isolates of human immunodeficiency virus type 1. J. Infect.
Dis. 173:340–348.

22. McLain, L., and N. J. Dimmock. 1994. Single- and multi-hit kinetics of
immunoglobulin G neutralization of human immunodeficiency virus type 1
by monoclonal antibodies. J. Gen. Virol. 75:1457–1460.

23. Moore, J. P., L. A. Wallace, E. A. C. Follett, and J. A. McKeating. 1989. An
enzyme-linked immunosorbent assay for antibodies to envelope glycopro-
teins of divergent strains of HIV-1. AIDS 3:155–163.

24. Moore, J. P., and D. D. Ho. 1995. HIV-1 neutralization: the consequences of
viral adaptation to growth on transformed T cells. AIDS 9(Suppl. A):S117–
S136.

25. Olshevsky, U., E. Helseth, C. Furman, J. Li, W. Haseltine, and J. Sodroski.
1990. Identification of individual human immunodeficiency virus type 1
gp120 amino acids important for CD4 receptor binding. J. Virol. 64:5701–
5707.

26. Parren, P. W. H. I., I. Mondor, D. Naniche, H. J. Ditzel, P. J. Klasse, D. R.
Burton, and Q. J. Sattentau. 1998. Neutralization of human immunodefi-
ciency virus type 1 by antibody is determined primarily by occupancy of sites
on the virion irrespective of epitope specificity. J. Virol. 72:3512–3519.

27. Rein, A., C. Yang, J. A. Haynes, J. Mirro, and R. W. Compans. 1998.
Evidence for cooperation between murine leukemia virus Env molecules in
mixed oligomers. J. Virol. 72:3432–3435.

28. Salzwedel, K. D., and E. A. Berger. Personal communication.
29. Sattentau, Q. J., and J. P. Moore. 1995. Human immunodeficiency virus type

1 neutralization is determined by epitope exposure on the gp120 oligomer. J.
Exp. Med. 182:185–196.

30. Schønning, K., B. Jansson, S. Olofsson, J. O. Nielsen, and J.-E. S. Hansen.
1996. Resistance to V3-directed neutralization caused by an N-linked oligo-
saccharide depends on the quaternary structure of the HIV-1 envelope
oligomer. Virology 218:134–140.

31. Schønning, K., A. Bolmstedt, J. Novotny, O. S. Lund, S. Olofsson, and
J.-E. S. Hansen. 1998. Induction of antibodies against epitopes inaccessible
on the HIV-1 envelope oligomer by immunization with recombinant mono-
meric gp120. AIDS Res. Hum. Retroviruses 14:1451–1456.

32. Schutten, M., A. C. Andeweg, M. L. Bosch, and A. D. M. E. Osterhaus. 1995.
Enhancement of infectivity of a non-syncytium inducing HIV-1 by sCD4 and
by human antibodies that neutralize syncytium inducing HIV-1. Scand. J. Im-
munol. 41:18–22.

33. Schutten, M., A. C. Andeweg, G. F. Rimmelzwaan, and A. D. M. E. Oster-
haus. 1997. Modulation of primary human immunodeficiency virus type 1
envelope glycoprotein-mediated entry by human antibodies. J. Gen. Virol.
78:999–1006.

34. Sullivan, N., Y. Sun, W. Hofmann, and J. Sodroski. 1995. Replicative func-
tion and neutralization sensitivity of envelope glycoproteins from primary
and T-cell line-passaged human immunodeficiency virus type 1 isolates.
J. Virol. 69:4413–4422.

35. Sullivan, N., Y. Sun, J. Binley, J. Lee, C. F. Barbas III, P. W. H. I. Parren,
D. R. Burton, and J. Sodroski. 1998. Determinants of human immunodefi-
ciency virus type 1 envelope glycoprotein activation by soluble CD4 and
monoclonal antibodies. J. Virol. 72:6332–6338.

36. Taylor, H. P., S. J. Armstrong, and N. J. Dimmock. 1987. Quantitative
relationships between an influenza virus and neutralizing antibody. Virology
159:288–298.

37. Ugolini, S., I. Mondor, P. W. H. I. Parren, D. R. Burton, S. A. Tilley, P. J.
Klasse, and Q. J. Sattentau. 1997. Inhibition of virus attachment to CD41
target cells is a major mechanism of T cell line-adapted HIV-1 neutraliza-
tion. J. Exp. Med. 186:1287–1298.

38. Weissenhorn, W., A. Dessen, S. C. Harrison, J. J. Skehel, and D. C. Wiley.
1997. Atomic structure of the ectodomain from HIV-1 gp41. Nature 387:
426–430.

39. Wohlfahrt, C. 1988. Neutralization of adenoviruses: kinetics, stoichiometry
and mechanisms. J. Virol. 62:2321–2328.

40. Zhao, Y., S. Lee, and W. F. Anderson. 1997. Functional interactions between
monomers of the retroviral envelope protein complex. J. Virol. 71:6967–
6972.

8370 SCHØNNING ET AL. J. VIROL.


